Abstract: There are many different representations of the Electrocardiogram. In clinical setups, physiologists prefer well established representations like the twelve lead ECG, as it has been thoroughly investigated and has proven its usefulness for decades. From a signal processor's point of view, these leads contain redundancy, which increases the need for data-storage, -transfer and processing power. Reducing this redundancy while preserving the clinical significance, has been the subject of many studies. One such approach is based on the dipole hypothesis that assumes all standard leads can be derived from 3 spatial components of an electrical heart dipole. This paper uses principal components in a similar approach to condense the ECG and to obtain leads that were either corrupted during recording or have not been recorded in the first place.
Introduction
Vectorcardiography (VCG) assumes that the activity of the heart can be completely described by the three spatial components of an electric dipole. All ECG-leads used in clinical applications can therefore be seen as projections of this ideal dipole onto the connecting line of the electrodes used to measure the lead. Using the spatial X-, Y-and Zcomponents of the VCG, in theory all possible leads can be reconstructed, given that the correct linear transformation is known. Dower formulated such a linear transformation that transforms the standard 12-lead ECG into the three spatial components and vice versa [1] . However, the choice of the orthogonal X-, Y-and Z-axes seems arbitrary given the actual spatial orientation of the heart. Principal Component Analysis (PCA) is a statistical approach to finding an uncorrelated set of orthogonal vectors that can represent the different observations. If the 12-lead ECG can be expressed by a subset of these principal components, these should contain the same information as the spatial X-, Y-and Z-components of the VCG, but, because of their uncorrelatedness, seem more suitable for signal representation. Furthermore, because of the universal applicability of the PCA, these principal components can be extracted easily and individually for every patient. After identifying the linear transformation A it can be used to estimate further leads that either were not recorded or have been corrupted due to artifacts or e. g. because of electrodes that fell off during longtime recordings.
Methods
The proposed algorithm consists of the following steps:
Baseline correction PCA is designed for zero mean data. Even though Castells [2] suggests that using PCA on the unaltered ECG data would maximize energy instead of variance and would therefore yield equivalent results, we decided in favor of a baseline correction as it is also advised by Sörnmo [3] in the context of VCG processing.
Vectorcardiogram (VCG)
In a normal heartcycle, the sinus node depolarizes periodically sending a depolarizing wavefront through the atrium and into the ventricles. This flow of electrical current can be represented by an electric dipole with amplitude and direction. Vectorcardiography tries to estimate this dipole which in theory contains all the information pertaining to the electrical activity of the heart and therefore allows the reconstruction of all theoretically recordable leads. Dower formulated such a transformation to transform the standard 12-lead ECG into the three spatial leads and vice versa [1] reducing the total number of Electrodes needed for a 12-lead recording to seven.
Principal Component Analysis (PCA) and lead reconstruction Principal Component Analysis is a linear transformation
that transforms vectors x of samples of observations into uncorrelated principal components (PCs) y using the linear transformation A that maximizes the variance of the PCs. This technique is often used for dimension reduction, feature extraction, data-decorrelation and whitening [4] . In this approach we assume that when calculating the PCs from a great number of strongly correlated leads the difference to the PCs derived from a subset of these leads are small, as long as the total variance of the subset is similar to that of the original leads. Therefore these PCs can be used to reconstruct the original set of leads. Starting from a 12-or 15-lead ECG, the PCs and the matrix A 12/15 were calculated. Afterwards, the number of leads used for the computation of the PCs was successively reduced and the new PCs were used together with A 12/15 to reconstruct the original 12-or 15-lead ECG. The reconstruction error of the PCs and the resulting reconstructed leads was tracked. 
and the three spatial leads according to Frank (V x , V y , V z ). Each lead is digitized at a sample rate of 1000Hz.
Evaluation
As a measure for the reconstruction accuracy, the clinical equivalence of recorded and reconstructed leads needs to be established. In absence of the skilled clinical staff needed to perform this task, we referred to the measure Feild [7] used when evaluating EASI coefficients. Feild suggested using the Pearson correlation ρ between the recorded and reconstructed signals
Results
Cardiac activity can be accurately described using only a small number of PCs. Using the linear transformation matrix A, obtained from PCA on a 12-or 15-lead ECG, these PCs can be used to reconstruct all 12 leads, even if not all leads were used for the calculation of the PCs for the reconstruction. as the quality of the PCs strongly depends on the subset when considering only few leads. The Box-Whisker diagram of the correlation between recorded and reconstructed leads is shown in figure 2 . Recorded signal and reconstructions for subsets of only 6 leads is shown in figure 3 .
Discussion
The results show that PCA can be used to reconstruct ECG leads which have been corrupted by artifacts or lost due to electrodes falling off during longtime recordings. The number of recorded leads necessary for a reconstruction of the full 12-lead ECG can vary and depends upon the selection of leads, as some leads have a greater impact on the PCs than others. However, a small number of leads can still give an estimation of the leads that were not recorded or have been corrupted by artifacts. Future work will concentrate on identifying the best leads for accurate reconstruction of a 12-lead ECG. Also, other reduced lead setups, like e. g. the EASI leads, would be of interest. For final evaluation, it would be necessary to have skilled clinical staff evaluate recorded and reconstructed leads for clinical equivalence.
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